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Abstract

This paper introduces an efficient high-order numerical method for solving the 1D
stationary Schrodinger equation in the highly oscillatory regime. Building upon the
ideas from the article (Arnold et al. SIAM J. Numer. Anal. 49, 1436-1460, 2011),
we first analytically transform the given equation into a smoother (i.e., less oscilla-
tory) equation. By developing sufficiently accurate quadratures for several (iterated)
oscillatory integrals occurring in the Picard approximation of the solution, we obtain
a one-step method that is third order w.r.t. the step size. The accuracy and efficiency
of the method are illustrated through several numerical examples.

Keywords Schrodinger equation - Highly oscillatory wave functions - Higher order
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1 Introduction

This work is concerned with the numerical treatment of the highly oscillatory 1D
Schrodinger equation

e%9"(x) +a(x)p(x) =0, xeR, (1.1)

where the parameter 0 < ¢ < 1 is assumed to be very small. Further, we assume
the real-valued coefficient function a to be sufficiently smooth and bounded away
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from zero, i.e., a(x) > ag > 0. The Schrodinger equation (1.1) plays an important
role within the context of quantum mechanical problems, e.g., for the simulation
of electron transport in semiconductor devices [22, 23, 27]. In these applications, ¢
represents the (possibly complex-valued) Schrodinger wave function, and a(x) :=
E — V(x) is associated with a prescribed electrostatic potential V, where £ € R
denotes the injection energy of an electron of mass m. The small parameter ¢ :=

J% is then proportional to the (reduced) Planck constant /. We note that there are

numerous additional applications of equation (1.1), including plasma physics [13, 19]
and cosmology [21, 28].

Since the (local) wave length of a solution ¢ to (1.1) is given by A(x) =
(2me)/+/a(x), the solution exhibits high oscillations for small values of &, partic-
ularly in the semi-classical limit ¢ — 0. Therefore, standard methods for solving
(1.1) are typically constrained by choosing very small grid sizes & = O(¢) (e.g., see
[14]) in order to obtain reasonably accurate numerical solutions. However, this leads
to high inefficiencies for small values of €. Hence, there is a keen interest in numerical
methods that allow this grid size limitation to be reduced or even eliminated entirely.

In[16, 20], the authors proposed efficient and uniformly accurate (w.r.t. ) schemes,
which allow to reduce the grid size limitation to 7 = O(/¢) while yielding global
errors of order O(h?). The same grid limitation is achieved with the WKB-based
(named after the physicists Wentzel, Kramers, Brillouin; cf. [18]) second order (w.r.t.
the step size h) one-step scheme from [6]. This method relies on an analytical
pre-processing of the ODE (1.1), utilizing a priori information of the solution by con-
sidering a second order (w.r.t. ¢) WKB approximation. We remark that this approach
only uses the first three WKB terms, but not the whole asymptotic WKB series, which
is typically divergent, see, e.g., [7]. By eliminating the dominant oscillations, this pro-
cedure transforms (1.1) into an equivalent equation that has either a smooth solution
or (at least) oscillations with a rapidly decreasing amplitude as ¢ — 0. As such, it is
strategically similar to the more recent phase function method of Bremer [10]. Such
analytical pre-processing enables the computation of a numerical solution on a coarse
grid. In fact, the WKB-marching method from [6] is sometimes even asymptotically
correct, meaning the numerical error goes to zero as € approaches zero. This holds true
under the condition that the integrals fx Ja(t)dr and fx a(t)"Y4a(x)~ Y4 dt for
the phase of the solution can be computed exactly. The method then yields numerical
errors that are O (83 yase — 0.

In [17], an adaptive step size control and a switching mechanism were added on top
of the second order scheme (w.r.t. the step size) from [6]. The switching mechanism
allowed the algorithm to switch to a standard ODE method (e.g., Runge—Kutta) during
the computation and was implemented to avoid technical or efficiency issues in regions
where the coefficient function a (x) is very small or even equal to zero. [17] was inspired
by and compared to the earlier work [4], which uses in the WKB regime a first order
method w.r.t. .

The last few years brought about even more refined numerical methods and algo-
rithms for highly oscillatory problems: In [11] and [26], Bremer’s phase function
method was extended to deal with turning points and to inhomogeneous linear ODEs,
respectively. In [3], Agocs and Barnett developed a coupled algorithm with adaptive
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step sizes for mixed problems, which may include highly oscillatory and slowly chang-
ing regions. In the former regime, the method is based on solving a Riccati equation
for a smooth phase function using a defect correction procedure. The article [3] also
includes a detailed numerical comparison with [17] and [10]. Further approaches for
highly oscillatory ODE:s also include a GMRES-based approach [25].

Next, we briefly compare the different focuses in the corresponding literature: The
articles [3, 10] have quite algorithmic motivation, providing many practical hints and
polished open source software packages. By contrast, this work (as well as [6, 16, 20])
takes a rather numerical analysis point of view and provides a rigorous error analysis,
thus giving theoretical guarantees that other methods may not.

The goal of this work is to improve the method from [6] by extending it to a third
order scheme (w.r.t. the step size) and to compare its performance to the second order
WKB-marching method from [6] as well as to the adaptive Riccati defect correc-
tion method from [3]. The higher-order WKB-marching method will maintain the
same analytical pre-processing of the given ODE (1.1) as in [6]. The derivation of
the third order scheme can then be realized mainly by two steps: firstly, by keeping
an additional term of the Picard approximation of the solution, and secondly, by a
special treatment of the (iterated) oscillatory integrals which occur in each term of this
Picard approximation. While the first step is straightforward, the second step is highly
technical and consists of rather extensive computations in order to obtain sufficiently
accurate quadratures for the oscillatory integrals. Here, the main strategies employed
to achieve the desired accuracy are the same as in [6].

This paper is organized as follows: In Section 2, we provide a short review of
the WKB-based transformation from [6], which allows transforming (1.1) into a
less oscillatory problem. Section3 details the construction of sufficiently accurate
approximations for the (iterated) oscillatory integrals that appear in the Picard approx-
imation of the solution. Section4 contains the definition as well as the error analysis
of the numerical scheme, with the main result of this paper stated in Theorem 4.1. In
Section 5, we present numerical simulations and illustrate the theoretical results estab-
lished in this paper. In Section 5.2, we shall attempt an efficiency comparison of our
numerical scheme with the program riccati from [2, 3]—in spite of its conceptual
differences. In two examples, we shall see that the WKB-marching method has slight
advantages w.r.t. accuracy and/or runtime for very small values of . We conclude in
Section 6.

2 Review of the WKB-based transformation from [6]

In this section, we shall review the basics of the second order (w.r.t. &) WKB-based
transformation from [6], which was used there to transform the Schrodinger equa-
tion (1.1) into a smoother (i.e., less oscillatory) equation. Based on this analytical
pre-processing of (1.1), the authors developed a second order (w.r.t. the step size h)
numerical scheme that is uniformly correct in & and sometimes even asymptotically
correct, i.e., the numerical error goes to zero with ¢ — 0, while the grid size 4 remains
constant.
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Our aim here is to solve the following initial value problem (IVP) for the
Schrodinger equation (1.1) on the spatial interval I := [xq, Xendl:

e29"(x) +a(x)p(x) =0, x €I = [x0, Xendl »
@(x0) = ¢o , .1
e¢’(x0) = ¢1 -

Before we explain the reformulation of this IVP, we introduce the following assump-
tion:
Hypothesis A. Leta € C7(I) be afixed (real-valued) function, which satisfies a(x) >
aop > 0 forall x € 1. Further, let 0 < ¢ < gq for some sufficiently small .

The basis of the transformation from [6] relies on the well-known WKB ansatz (cf.
[18]) for the ODE (1.1):

o0

1
px) ~exp | D ePg,0) | . e—>0: ¢,(x)eC. (2.2)
p=0

Here, the series in the exponential function is asymptotic w.r.t. € and typically
divergent.! To derive approximate solutions, it is therefore necessary to truncate the
series after some finite order. By substituting the WKB ansatz into equation (1.1), a
comparison of e-powers leads to the first three functions ¢, (x) as

$o(x) = ii/ Va(y)dy, (2.3)
X0

$1(0) = In(@()”5) ~ In(axo) ). 24)
* 1 1\

b0 =Fi [ b0y, b= -—— (a0 ) @)
X0 2a(x)*

Here, the two different signs & and  in (2.3) and (2.5) imply that there is always a
pair of approximate solutions to the Schrodinger equation (1.1). This corresponds to
the fact that the second order ODE (1.1) has two fundamental solutions. By truncating
the series in (2.2) after p = 2, one obtains the second order (w.r.t. €) asymptotic WKB
approximation of ¢(x) as

exp (—1¢°(x))

WKB () €xXp (%‘ﬁs(x))
a(x)?

W KB () = a +p

, , (2.6)
a(x)*

with constants «, 8 € C. The phase is

¢ (x) = / (Vat) - &) dy. @.7)

0

1 See [7] for a class of coefficient functions a, which lead to convergent WKB series.
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Note that Hypothesis A implies that ¢¢ is bounded on /. The WKB-based trans-
formation now consists of two steps: First, using the notation

a(x)g(x)

Ja(x)

Ux) = (Ml(x)

the second order IVP (2.1) can be reformulated as a system of first order differential
equations:

{U’(x) = [LA0(0) + A1 (0] U) . x €T = [x0, Xend] 29

Uxo) = Uy,

where the two matrices Ao and A are given by

Ag(x) := \/c@(_()l é) A= <2b(()x) 8) '

Second, the first order system (2.9) is transformed by an additional change of
variables

Z(x) = (Z‘ (x)> ‘= exp (—écDS(x)) PU(x), (2.10)

22(x)

with the two matrices

. 1 i1 . e o ¢ (x) 0
P'_E(li>’ (D(x).—< 0 —¢8(x))'

Here, the function ¢? is the phase of the second order WKB approximation (2.6)
as defined in (2.7). The resulting system for Z then reads

Z'(x) =eN*(0)Z(x), x €1 = [x0, Xendl @.11)
Z(x0) = Zo =PUyp , '
where N (x) is a (Hermitian) matrix with only off-diagonal non-zero entries:
Nf () = b(x) e £9°0 | N5 () = b(x)e W (2.12)

As stated in [6], the IVP (2.11) admits a unique solution with the following estimates:
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Proposition 2.1 [6, Theorem 3.1] Let Hypothesis A be satisfied. Then, the problem
(2.11) has a unique solution Z € CO(I) with the explicit form

o0
Z(x)=Zo+ Y "M} (x: x0) 2 , (2.13)
p=1

where the matrices M;, p > 1 are given by

n 1 Yp—1
MZ(”;S)ZfE/E /E NGy - - NE(yp) dyp - -dys |

1
M, (n; &) = /s N OIM,_ (y;§)dy, Mj=1. (2.14)

Here, 1 denotes the 2 x 2 identity matrix. Moreover, we have the estimates
|Z — ZollLeo(ry < ce?, 1Z'|Loory < Cey NZ" | Looary < C (2.15)

with a constant C > 0 independent of ¢.

Due to the oscillatory entries in its system matrix N° (x), see (2.12), the solution Z of
IVP (2.11) is still oscillatory, and it typically has twice the frequency compared to the
wave function ¢, see Figure 2.1 in [6]. But according to Proposition 2.1, the solution
Z of IVP (2.11) oscillates around the initial value Zp with a decreasing amplitude of
at most O(&2), and this makes the Z-oscillations decreasingly relevant as ¢ — 0. In
[6], this fact was the motivation and essential justification for the construction of a
uniformly correct scheme in €, and it shall also be the motivation for the scheme we
develop in Section 3. The idea is that, instead of solving IVP (2.1), we aim to solve the
transformed problem (2.11). Indeed, since the transformation (2.10) eliminated the
dominant oscillations, the IVP (2.11) can be solved numerically on a coarse grid {x,}.
Then, the originally desired solution ¢ can be obtained by the inverse transformation

Ux) =P lexp (é@s(x)) Z(x) (2.16)
and @(x) = a(x)"Tu; (x).

3 Construction of the numerical method

The aim of this section is to construct a third order (w.r.t. the step size) one-step scheme
for solving the Schrodinger equation-IVP (2.1). To this end, we build upon the WKB-
based transformation from Section 2, in the same way as it was done in [6]. That is,
instead of solving (2.1) directly, we will solve the transformed problem (2.11).
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We now consider a discretization {xg, X1, ..., x5} of the interval I = [xq, x.,4] and
set h := maxi<u<n |X, — x,—1| as the maximum step size. Further, throughout this
whole section, we will use the abbreviations & := x, and 1 := x,41.

The development of the one-step method relies on deriving specific quadrature
rules for the matrix-valued integrals (2.14), with error estimates depending on the two
small parameters ¢ and /. This leads us to introduce the following notation, which is
analogous to the usual “big-O” notation for a single parameter:

Definition 3.1 Let V be a vector space (over C) with norm |||, and let O < &g, hg < 1.
Consider two functions f : (0, &9) x (0, hg) — V and g : (0, &9) x (0, hg) — R. We
say that f(e, h) = O (g(e, h)), if and only if there exists a constant C > 0, such
that || f (e, h)|| < Cg(e, h), for any (e, h) € (0, &9) x (0, ho).

Now, in order to derive a numerical scheme of order P (w.r.t. the step size &) for
solving the IVP (2.11), we shall start with the P-th order Picard approximation

P
Z(n) ~ ZE)+ Y "M (n: §)Z(%) (3.1

p=1

of (2.13), which corresponds to making a single step within the grid, namely, from &
to n. According to [6, Eq. (2.17)], the remainder of this truncated series is of order
Oe n (PR min(e, h)), i.e., we have

o0

Z "M (n: &) < Ce" T hP min(e, h) (3.2)
p=P+1 00
where the constant C > 0 is independent of ¢ and /. Here, ||| denotes the co-matrix
norm in C?*2. Since the entries (2.12) of the matrix N¢(y) are highly oscillatory, the
matrices MZ(TI; &) in (3.1) and (3.3) involve (iterated) oscillatory integrals and can
therefore not be computed exactly in general. To design suitable quadrature rules for the
oscillatory integrals M7, (17; §), we shall follow the strategy from [6] and use techniques
motivated by the asymptotic method from [15], which mainly relies on integration by
parts. But in contrast to [15], we have to cope here with two small parameters, and
they must appear in the desired error estimates. If we want to keep the error order (3.2)
also when approximating the oscillatory integrals, the desired error order (w.r.t. & and
h) for the approximation of the integral Mf, is O¢ (ePH1=PpP min(e, h)).

To derive a third order (w.r.t. 1) scheme for (2.11), we only take into account the

first three terms of the sum in (3.1). Indeed, using estimate (3.2), we then have

Z0p) = [T+ eM(: €) + M5 (n: §) + £° M3 01: 6) | Z(©)
+ O 1, (e*h® min(e, h)) . (3.3)

The goal of the following three subsections is to construct approximations for the
matrices M{, M3, and M3, respectively. Unfortunately, achieving the above-mentioned

@ Springer



23 Page8of 35 A. Arnold and J. Korner

desired approximation error order for each matrix is not always possible, as some terms
involved in the computations constrain the maximum achievable order w.r.t. & (this
was also the case in the construction of the second order scheme in [6]). However, we

will be able to construct approximations for M¢, p = 1,2, 3, which lead to a third

order scheme with a local discretization error of the order O, j, (e3h* max(e, h)).

3.1 Approximation of the matrix Mf

We start with the approximation of the integral
n
Mio: ) = [ N'may.

As we already mentioned above, the desired error order for this approximation is
Oc.n (e3h3 min(e, h)).

For the phase ¢, let us suppress the superscript & and just write ¢ from now on.
Further, we denote with

sni=¢m) —¢@E)=0h), h—0,
the phase increments and introduce the abbreviations

b(x) . b;,(x)
200 T =gy

bo(x) := J2RS No . 3.4)

Note that Hypothesis A implies that for 0 < ¢ < g9, where g is chosen sufficiently
small, it holds ¢’(x) > Cy > 0 for some constant Cy and for all x € I, see (2.7).
Hence, both the function b and the functions b, are uniformly bounded (w.r.t. &) on
the interval /. Moreover, we define the auxiliary function

hp(x) i=e'™ —
k=0

(for p = 0 the sum drops). In the following, we will frequently use that
hp-1(f(x)) = —i(f/(x))_I%hp(f(X))) , pEN,
for any differentiable function f on I and any x € I with f’(x) # 0, and
hy(x) = O(min(x?, x~')), x>0, peN. 3.5)

The following lemma provides an approximation to MJ, with an error order
Op.n(ePhP min(e, b)), for any P € Ny, P € N.
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Lemma 3.2 Let Hypothesis A be satisfied. For any P € Ny and PeN, define

~ P _ .
Qf’P(U» &) =— Z(i 8)1’ (bp—l(ﬁ) e%qﬁ(n) _bp—l(%_) e%d)(«i—'))

p=1

5
2i . 2
O Y i) by p (), (Es”> (3.6)

p=l1

(for P = 0 the first sum drops) and

~ PP
Q" (. &) = ( » ;,0 Q) ("’5)> . (3.7)
0,7 1.8 0

Then, there exists C > 0 independent of ¢ € (0, gol, h, and n, such that

IME (0. &) — QPP (0. )llow < CePh min(e. h) . (3.8)

Proof Recall from (2.12) that N®(y) is a Hermitian matrix with only off-diagonal
non-zero entries, namely Nil (y) = b(y) e 90 — N7 ,(y). Hence, it is sufficient

to prove that [m¢(n, £) — 0P (0, €)llee < CePhP min(e, h), where mé (7, &) =
(Mf (n; 5))2,1. To this end, we start by expanding the integral m{(n, £) by making
P steps of the so-called asymprotic method (AM) for oscillatory integrals (cf. [15]),

which relies on repeated integration by parts:
! 2ipy)
mi (. §) =L b(y)e=?0) dy
n d i
——Ge) [ bon - [¥00] ay
3 dy

= —Gie) [0 o) [ " bo(y) €290 dy

P .
== 200”0 T 6). (39)
p=1

Here, Tj(n, &) is the remaining integral after the last integration by parts. It is
evident from (3.9) that each step of integration by parts increases the e-order of the
remaining integral by one, since the functions b, are uniformly bounded w.r.t. .
Next, we approximate 7' (1, £) by making P steps of the so-called shifted asymptotic
method (SAM) (see [6]), which also relies on repeated integration by parts. However,
in contrast to the AM, the idea of the SAM is to shift the oscillatory factor such that an
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additional zero within the integration interval is created (here, we create it at y = £).
This increases the #-order of the remainder by one in each step:

n i
TS, &) = ()" /é () e gy
i n d 2

= —<is>”+1e%¢@>/ b5 [m <—(¢<y> —¢(§>))] dy

& y €
= (i) T1eFe® {bp(n)hl <§s>

no 2

- fé b (V)h <g<¢(y)—¢<s>)) dy}

— (o)’ PO {bp(n)hl (§s> + (e)bpat (M2 (gs)
n 2
(e /%_ By (2 (;(qs(y) - ¢(s>>) dy}

P
. 2i . p— 2
=—(ie)"eTtO Y &)’ bypsp1()hy <gsn)

p=1
+ Op (P hP min(e, b)) (3.10)

(for P = 0, we set b’ | := b). Here, we used for the remainder integral in the

last equation & 5 (%(q&(y) —$(8)) = O (min(hPe= P, hP~1g=(P=1)) which is a
consequence of (3.5). This concludes the proof. (]

Remark 3.3 A drawback of using quadrature (3.6) is that one has to provide explicit
formulas for the functions b,. Indeed, since these functions are defined in a recursive
manner by differentiating a quotient of two functions, the number of terms involved
in the formulas grows fast with p. For an efficient implementation, we recommend

to express the functions b, only through the functions b® k=0,...,p, and p®,
k=1,..., p+1,asthiskeeps the formulas much shorter compared to when expressing
b, through a and its derivatives a(k), k=1,...,p+2.

In the following, almost all approximations of occurring integrals will be derived
by using the AM or the SAM. Recall that each step of the AM in (3.9) increased the
e-order of the remainder by one, whereas each step of the SAM in (3.10) increased the
h-order by one. Thus, by combining both methods appropriately, one might hope to be
able to achieve the desired mixed (w.r.t. ¢ and &) error order also for the approximations
of the matrices M; and M§ Unfortunately, this will not be the case as we will see
in the following two subsections. Finally, we note that this strategy of combining the
AM with the SAM was already used in [6] for the construction of their second order
(w.r.t. h) scheme.
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3.2 Approximation of the matrix Mf

Next, according to (3.3), we would like to approximate the integral

n
M5 (; €) = /%_ N (y)ME (3 £) dy 3.11)

with the error order Ogyh(52h3 min(e, h)). But this will not be possible since the
matrix product N°(y)M;(y; &) contains terms that involve non-oscillatory integrals.

Indeed, the basis for the AM to increase the e-order in each step of (3.9) was the
oscillatory factor e790) of the integrand. However, for non-oscillatory integrals, it is
only feasible to derive approximations with arbitrary A-order, but not with arbitrary
g-order. Nonetheless, in this subsection, we will derive an approximation for M;,
which ultimately leads to a third order scheme (w.r.t. &) that is uniformly correct
w.r.t. e—in fact with a local discretization error of the order O j, (e3h* max(e, h)).
This will be achieved by employing a sufficiently accurate quadrature formula for the
non-oscillatory integrals. To this end, let us introduce the notation

n—§ §+n

Os[f1(n, &) == % <f($) +4f (T) + f(n)) ,

which denotes Simpson’s rule applied to the integral |, E" f(y)dy, admitting an error
of the order O (h%).
Since N® and M{ are off-diagonal Hermitian matrices, the matrix M3 is diagonal

and the entries are conjugate of one another. Hence, we shall in the following only
study one of these two entries, namely,

n
m5(n.8) = (M5(1:6)), | = L (NG, (M{(:6),, dy.  (3.12)

Here, it seems reasonable to insert for (M‘i (v; E))z_ | = mj(y, &) the approximation

from Lemma 3.2 with P = P = 2, namely Q%‘z(y, &), as the order of its approx-
imation error increases exactly to Og‘h(82h3 min(e, h)), when integrating over the
subinterval [, n]. From (3.12), (2.12), and (3.8), we have

1 i
w30, = [ be 190 {0120, + Ousei? minte, )| dy

_ /’7 b(y) e~ 260 { o) (bo(y) 260 —bo(s)e%‘i’@))
.
— (0)? (b1 (e —by )7 0O)

i 2
— ()% T?® by(y)h (g(qb(y) - ¢(§))>
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2i 2
—(ie)*e*?® by(y)hy (;(qb(y) - ¢><s>)>

+ O, i (eh* ming, h))} dy

=Ji+ o+ 3+ Js+ s+ Jo + O p(e?hP min(e, h)),  (3.13)

where
n
5= —(ie) L b(y)bo(y) dy = (i) Qs[bbol(n. &) + Ocp(eh®) . (3.14)
Iy 1= (ie)by(€) e 7 9© / b3 e 200 dy = (e)bo () e 20O w1 E)
3

s —Gie) /S " b()b1 () dy = —(£)2 Qslbbi1(n. §) + Ocp(h%) . (.15)
Jo = (16)2b1(€) e 9® /;b(y)e‘zsi""” dy = (1)°b1 (&) e = *@ mi (1, 8),

Js = —(ie)3es?® /g L b(ba(y) e FO0 (%(qs(y) - qs(s))) dy,

Jo = —(ie)ted?® /E (b3 e 200y (é@(y) - ¢<s)>) dy .

Our next goal is to find suitable agproximations for the integrals J», Ja, Js, and Jg.
Using Lemma 3.2 with P = 1 and P = 3, we obtain by using 1, (x) = h,(—x):

Jy = e ho©)e ¥4 [boy) e 200 | - (i8)3b0($){b1(n)h1 (—fsn>

2 2
— (ie)ba(n)ha (—;sn) + (ie)*b3(n)h3 (—gsn) }

+ O 1, (€21 min(e, h)). (3.16)

Similarly, applying Lemma 3.2 with P = 0 and P =3, we find that
.3 2 . 2
Jo = (18)"b1(§)1bo(mhi o) - i&)bi(mh S
2 2 2,3 .
+ (ie)°by(n)hs gsn + O; n(e°h” min(e, h)) . (3.17)
For the approximation of the integral Js, we begin by using the simple identity

i 2 i 2
e E0 <g(¢(y> - ¢(§>)) — —e O, (;(qs(é) - ¢(y>)) . (318)
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Then, by making two SAM steps, we derive

2
Js = (i8)4{b0(71)b2(77)h2 (—;s,,>

2
— (i&) (b1(mb2(n) + bo(m)b3 (1)) h3 (—;w) } + O (e2h* min(e, h)). (3.19)

In order to approximate Jg, we use the identity

2i i 2
e H0® o0 (gw(y) - ¢<s>>)

2 2i 2
=—hy (g(d)(é) - ¢>(y))) + ?l(qﬁ(c?) — ¢ (g(qﬁ(é) - ¢>(y))) ) (3.20)
which allows us to split the integral into Jg = J~6 + 76, with

Te

=)}

n 2
— (ie)* /g b3 (y)h2 (;w(s) —¢<y>)) dy |

Jg = 2(ie)* /:b(y)ln(y) (@) —o () I <§(¢(S) - ¢(y))) dy.
One SAM step for Js leads to
Jo = (1£)°bo(mb3()h3 (—%sn) + O p(e®h  mine, b)) . (3.21)
For the approximation of :Ig, we start with one SAM step to see that

-~ 2
Jo = 2(i8)4{b0(7’/)b3(7’/)(—sn)h2 (—gsn)

1 2
—/g [bo(»)b3(y) ($(§) —p (Y] h2 (E(qﬁ(é) - ¢(y))> dy} . (32

=:1
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Now, using b3(y)¢'(y) = %b/z (y), we split up the integral I as
K 2
1 2/5 (bo()b3(») + bo(Y)D3(3)) (@ (E) — d () ha (g(cb(é) - ¢(y))> dy
1" ) 2
- 5/ bo(y)b5(y)h2 (*(¢>(€) - ¢(y))) dy
£ &
2
= (ie) (b1(mbs (M) + bo(Mbs(M)) (—su)h3 <_gsn>
n 2
- (ie)L [(b1(B3(Y) + bo(¥)ba(y)) (p(§) — ¢ (YD h3 (g(d’(é) - ¢(y))) dy

- %(iS)bo(ﬂ)bs(n)hz. (—ésn) + Ocp(? min(h*e ™, h3e™3)) (3.23)

where we used one SAM step for each integral in the last equation. Note that, combined
with the O(e*) factor from (3.22), the first term in (3.23) is already of the desired order
Ocn (¢2h3 min(e, h)) and can thus be omitted. Using (3.5), we see that the second term
in (3.23) has the same order and hence can also be neglected. Thus, we have

~ 2 1 2
Jo = 2(18)4{bo(n)bs(n)(—sn)hz (—;Sn) + §(i8)bo(n)b3(n)h3 <_gsn) }

+ O, (¢*h min(e, h)) , (3.24)
and hence, by combining (3.21) and (3.24),
Js = 2(i &) bo(n)b3 (n) (—s)h2 (—%sn) +2(1.) bo(Mb3 (3 (—gsn)
+ O, (¢*h min(e, h)) . (3.25)

Finally, we summarize the approximations (3.13)-(3.17), (3.19), and (3.25) in the
following lemma:

Lemma 3.4 Let Hypothesis A be satisfied and define

0>, &) :=
—1ieQg[bbol(n, &)

2
- [bo@)bo(n)ho (—;sn) — bo(&)? — Qslbbi1(n, s>}
2
163 [bo(&)b1 (1) — b1 (E)bo ()] <_gs,,)
2
T &4 [(bo(®) + bo(n) ba(n) — by (€)b1 (1) — 2bo(n)bs(n)sn] ha (—gsn>

2
+ie” [(bo(n) — bo(§)) b3(n) — (b1(n) — b1 () ba(m)] h3 (—gsn> (3.26)
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and

0:(n.8) __0 ) . 327

Q2(n, &) = < 0 m

Then, there exists a constant C > 0 independent of ¢ € (0, &g), h, and n such that

IM5 (1, &) — Qa(1, &)l < Ceh* max(e, h) . (3.28)

Proof Since Q> is defined precisely through the approximations (3.13)-(3.17), (3.19),
and (3.25) by neglecting the O, (-) terms, estimate (3.28) follows by noticing that
Oe n(e2h3 min(e, b)) + O¢j(eh’) + O¢ 1 (2h7) = O, (eh* max(e, h)). O

3.3 Approximation of the matrix Mi

Finally, in this subsection, we construct an approximation for the integral
1
M) = [ NOIM50:6)dy (3.29)
3

While the desired error order for this approximation would be O, p, (sh3 min(e, h)) (see
the discussion after (3.2)), this will again not be possible here—like in Subsection 3.2.
Since the matrix Mj is diagonal, M is off-diagonal. We will now study m5(n, &) :=
(M§ (n, é))2 | as the entry (M§ (n, é)) 12 is just its complex conjugate. To approximate
m$, we have to insert an approximation for M5 in the expression for m4 and could of
course simply use (3.27). However, we will instead insert a weaker approximation as
this will not result in a reduced error order for the resulting scheme and, at the same
time, it leads to a shorter quadrature formula for m§5. The weaker approximation for
M5 can be derived by using Q} o1 (see (3.7)) to approximate M¢, and this was already
used in [6, Eq. (2.29)-(2.30)]:

n—=§
2

2
+ (i8)bo(&)bo(mh <g(¢($) - ¢(n)))

(M35 8)), | = m5(n, §) = —(ie)

[b(mbo(n) + b(§)bo(§)]

2
+ (18)*b1(n) [bo(n) — bo(£)]1 ha <;(¢>(§) - 45(?7)))
+ Ocn(eh?) (3.30)

Inserting the approximation (3.30) of m$5(y, &) for (Mg (rv; & ))1,1 thus yields

n
e, §) = fs (N0, , (M50:6)), | dy

= K1 + K> + K3 + K4 + K5 + O¢ j(eh?) , (3.31)
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where
o |
Kl:=-—9§2 ; b()2bo(y)(y — £) e300 dy
. ) |
K» = —%b(é)bo(é) fg () (y — )90 dy,

2 ! gy, (2

K3 :=(i¢) 190(5)/E b(y)bp(y)e= hy g(¢(€) —¢(y) ) dy,
3 ! gy, (2

Ky :=—(1¢e)’bo(§) . b(y)bi(y)e-= hy E(¢($) —¢(y) | dy,

n 2i 2
Ks = (ie)’ /5 b()bo(y)b1(y)e= ™) hy (;(d)(&) - ¢<y)>) dy.

For the approximation of the integrals K;,i = 1, ..., 5, it is convenient to introduce
the abbreviations

co(y) :=%, c1(y) == ch(;((yy)) do(y) = ;;((yy)) (3.32)
() = fg((yy)) L el = ;q;((yy)) o) = :(;((yy)) , (3.33)
£1G) :=%, 20y = zbq;((yy)) () = b(BIG) . (3.34)
00 = 22 1) = b MIBIG) s o) 1= (3.35)

2¢/(y) 2¢/(y)

Note that all of these functions are uniformly bounded w.r.t. ¢ (with 0 < ¢ < g9
for some sufficiently small gg) on the interval /. Indeed, this is again guaranteed by
Hypothesis A.

Now, let us start with the approximation of K. By making three SAM steps, we
find

.\ .
K — % 206 {CO(,?)(,, —E)h (%sn)
. rl d 2
+<w)f @O0 6 o) = [hz (—(¢(y)—¢(s>))] dy}
¢ ! ’
ig)? 2i 2
SRS {com)(n O (gSn)
2
+ (&) (et (n — &) + do(m) ha (ES">

N AN ae)) d 2
+(ie) =8 +eo+di(y)) — | h3| = (0(») — (&) )| dy
g \2¢'(») dy €
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. 2 .
ERCIe 10 :Co(n)(ﬂ —&)h (%sn)
2 e
2
+ (&) (c1 () — &) + do(m) (—s,,>

+(16)* (eo(n) +di () b3 (gvn) } + O ji(eh’ min(e, h)) . (3.36)

Next, the integral K, can be treated in the same way as K, i.e., by making three
SAM steps:

G s)2

2
Ky = b(E)bo(§) e+ ¥ {bo(n)(n — &)y (—sn>
2
+ (&) (b1 — &) + fo(n)) ha (—sn)

2
+(1&)* (go(n) + f1(m)) h3 (;sn> } + Opp(eh®min(e, h)) . (3.37)

For the approximation of K3, we first make use of (3.18). Then, we make two SAM
steps, yielding

N2 2igey [ 2
K3 =—(ie)bp(§)e= /; b(y)bo(y)hy (g(¢(y) — ¢(§))> d
_ i3 Zig ) 2, (2
=(@{e)’bo()e= {bo(n) ha <gsn>
2
+2@8)bo(mb1(n)h3 <_Sn> } + O¢ 4 (eh® min(e, h)) . (3.38)

In order to construct an approximation of K4, we use a similar splitting as for Jg
in Subsection 3.2. Indeed, applying the identity

i 2 : 2
eF90) py <g(¢(g) - ¢(y))> =—e O, <7(¢>(y) - ¢(S))>

2
pere® 2t (¢(y) ¢ &) hy <g(¢(y)—¢(s)>), (3.39)

we can write K4 = K4 + K4, where

_ o 2
Ry = (i£)3bo(e) e 70 /S k() (;w(y)—qs(s))) d

= —(ie)*bo(&) e © k()3 (%s) + O, <5h3 min(e, h)) . (3.40)
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and

By 2(ie)? () 2
4= 2G6) bo(E) e K(y) (@(y) — @) g(¢(y) —¢@&))d
(e %(s) 2
= —2(ie)"bo(§) e~ Ko(msuha | ~sn

t(ie)= K()(n)h3 <%sn) } + O <8h3min(s, h)) . (3.41)

Here, we made one SAM step for E4 and treated I?4 in the same way as 76 in the
previous subsection. Thus, by combining (3.40) and (3.41), we obtain

Ki = —2(6)%bo(&) e+ 9© {Ko(n)snhz (gs) (i £)co(n)h3 (3sn> }
+ O, <8h3min(e, h)) . (3.42)

Finally, the approximation of K5 can be derived in the same way as the one of Ky,
by noticing that / and [y now play the roles of x and ko, respectively. Therefore, it
holds that

Ks = 2(ie)’ e29® {lo(ﬂ)snhz (}) G e)o(nhs (SS) }
+ O <8h3min(8, h)) . (3.43)

We close this subsection with the following lemma, which summarizes the approx-
imations (3.36)-(3.38), (3.42), and (3.43).

Lemma 3.5 Let Hypothesis A be satisfied and define

03(. &) 1= —g2e 1@ 1

5 (co(n) + b(E)bo(E)bo(n) hy (zsn>

—igteT® [% [e1 () (1 — &) + do(n) + b(E)bo (&) (b1 () (1 — &) + fom)]
+ bo(&)bo(m)* + 25, (lo(n) — bo(&)ko(1)) ]hz (%sn)

+ete 0@ E [eo() + di (1) + bE)bo(&) (g0(m) + f1 ()]

2
+ 2[bo(§)bo(mb1(n) + (lo(n) — bo(E)Ko(n))]}fB <—Sn) (3.44)
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and

— 0 Q3. 8)
Q3(”’§)'_<Q3(n,g) 0 ) (3.45)

Then, there exists a constant C > 0 independent of ¢ € (0, &gl, h, and n such that

IM5 (1, &) — Q3(1, &) |0 < Ceh®. (3.46)

4 Numerical scheme and error analysis

Based on the Picard approximation (3.3) as well as the quadratures (3.7), (3.27), and
(3.45), we can now define the numerical scheme: Let

AL i=eQ (o). A2 = Qi1 ), Ap = £3Q3 (g1, xa) - (41)

Given the initial value Zg, we define
Zns :=<I+A},+A§+Ag)zn, n=0,....N—1. 4.2)

Due to the detailed expressions of the three above matrices, as given in Section 3, we
shall assume for this scheme that the function a and its derivatives up to order 7 are
explicitly available.

The numerical solution of (2.9) can then be obtained through the inverse transform
(2.16):

Uy := P exp (lcbg(xn)> Zn. n=0,....N. (4.3)
&

The method (4.2)-(4.3) satisfies the following global error estimates:

Theorem 4.1 Let Hypothesis A be satisfied, and let the phase (2.7) be computable ana-
lytically. Let Z and U be the exact solutions of the IVPs (2.11) and (2.9), respectively.
Then, for Z,, and U, being computed through the scheme (4.2)-(4.3), there exists a
generic constant C > 0 independent of ¢ € (0, o], h, and n such that

1Z(n) — Znlloo < Ce R max(e,h), n=0,...,N, (4.4)

U (xn) — Uplloo < Ce R max(e,h), n=0,...,N. 4.5)
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Proof From the definitions (3.6), (3.26), and (3.44), it is evident that

1A oo = 16Q7 (g1, Xn) oo = Ok 4 (e mine, b)),
A2 {00 = 182Q2 Xnt1s Xn)lloo = Ocn(e3R)
1A oo = 183Q3(Xnt1, X)) lloo = Qe p(e*h min(e, b)), (4.6)

which implies that the one-step method (4.2) is stable, with an e-independent stability
constant. Further, due to (3.3), the consistency error forn =0, ..., N — 1 reads

en = Z(np1) — ([+ AL + A2 + A3) Z(xy)
= Z(x) + [eM (g1 %) + &7M5 1 Xn) + &7 M5 13 Xa) ] Z ()
— (I+A) +A2 +A}) Z(xy) + Op jy(e*h® min(e, b))
= [eM{ (np1s X0) — Ay + M5 (g1 X0) — Aj + £ M5 (g1 %) — Ay ] Z(x,)
+ Ogﬂh(s4h3 min(e, h)) , “@.7

Now, Lemmas 3.2, 3.4, and 3.5 imply

M| (X115 X)) — Ay = Oc i (*h® mine, h))
82M§O¢n+13 Xn) — Aﬁ = O p (83/’14 max(e, h)) ,

&M (Xnt1; Xn) — A3 = O p(e*h%) (4.8)
which, together with (4.7), yields
en = O p(e3h* max(e, h)) . 4.9

Hence, the one-step method (4.2) is consistent and therefore convergent with the
global error estimate (4.4). Estimate (4.5) now follows from (4.4) and the inverse
transformation (2.16), using the unitarity of the matrices P~! and exp (écbg). This
proves the claim.

Remark 4.2 'We emphasize that, in practical applications, when solving IVP (2.1) using
a WKB-based method like the one presented above, one may want to use a grid
size h > ¢. In such scenarios, the global error of the third order scheme (4.2) is
even proportional to 4%, according to the estimates (4.4) and (4.5). This property is
observable in Fig. 3 of the next section.

4.1 Refined error estimate incorporating phase errors

In Theorem 4.1, we assumed that the phase (2.7) is exactly available. Indeed, this
is the case in several relevant applications, e.g., for so-called RTD models (e.g., see
[22, 27]), where the coefficient function a is typically piecewise linear. Thus, in such
scenarios, the method (4.2)-(4.3) is asymptotically correct w.r.t. .

In general, however, the integral within the definition of the phase (2.7) cannot be
expected to be exactly computable. In [8], the authors extended the error analysis of
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the numerical methods from [6] to the case of a numerically computed phase. We
emphasize that, with the exact same strategy, the estimates (4.4) and (4.5) can be
generalized. To this end, let us first collect the basic assumptlons from [8].

Firstly, for an approximate phase ¢ ¢, we write ¢(x) ¢>1 (x) — £2¢2 (x), with
#1(x) and ¢,(x) being numerical approximations to [ M Va(y)dy and [ b dy,
respectively. Then, we impose the following assumption:

Hypothesis B. Let ¢1, ¢ € C® (1) and ¢ > C > 0.

In particular, Hypothesis B implies that there are positive constants E, E’, and
E” such that the approximate phase ¢ satisfies the following L°°(I)-error bounds
uniformly in ¢ € (0, &]:

lp —@lizoy <E, ¢ —¢ ey <E', " =@ Loy < E”,  (4.10)

where &g < & is sufficiently small. Note that the functions a, b,and b, p =0, ..., 5,
as well as all functions defined in (3.32)-(3.35) can be computed exactly, since ¢’
is explicitly known. However, since we assume here an approximate phase b, it
appears more consistent to use instead the numerical approximations a, b (for
p=0,...,5), co, C1, c?o, 31, €, fo, f~1, 80, Ko, and fo, which can be obtalned using
exact derivatives of ¢ (e.g., when using the spectral integration from [8, §4] to obtain
$, the exact derivatives are readily available). Together with the approximate phase
increments §,, 1= qs(an) — qg(xn), this leads to the approximate matrices A,L ~ A,11,
A2 ~ A2, and A} ~ A} which are defined in analogy to (4.1). The third order method

n’
inV01V1ng the approximate phase then reads

Zni1 :=(I+A;+A5+A3)Zn, n=0,....N—1, @.11)

with Zg := Zo being the initial value. The corresponding (perturbed) inverse transform
to the U variable is then given by (see (2.16))

U,,:P—lexp( CI>8(xn)> w, n=0,....N, (4.12)

with ®° := diag(¢, —¢) being the perturbed phase matrix.

Now, given the above considerations, we stress that, by using the exact same argu-
ments as in the proof of [8, Theorem 3.2], we can extend the estimates (4.4)-(4.5) to
incorporate also the phase errors:

Theorem 4.3 (Adaption of Thm. 3.2 from [8]) Let Hypothesis A be satisfied, and let
the approximate phase ¢ satisfy Hypothesis B. Let Z and U be the exact solutions of the
IVPs (2.11) and (2.9), respectively. Then, for Z,, and U, being computed through the
scheme (4.11)-(4.12), there exists a generic constant C > 0 independent of ¢ € (0, £9],
h, and n such that

1Z i) = Znll < C&>h® max (e, h)
+ Ce[min(e, E) +¢(E'+ E")], n=0,....N, (4.13)
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7 E 3,3
U (xn) — Unll < C; + Ce’h” max(e, h)
+ Ce [min(e, E) + e(E'+ E")] , n=0,...,N. (4.14)

Here, the constants E, E', and E" are from (4.10).

Let us compare this result with the estimates (4.4) and (4.5): The new (additional)
second term in (4.13) is caused by the impact of the approximate phase during the
computation of the step update (4.11), whereas the new first term in (4.14) is due to the
inverse transform (4.12) involving the perturbed phase matrix ®¢ (x,,). Obviously, the
O(E/¢) term is rather unfavorable. In order to reduce its impact as much as possible,
one should hence aim for a highly accurate approximation ¢, e.g., by employing a
spectral method. Indeed, such an approach has already proven useful in [8], where the
O(E/¢) term in their estimate was numerically invisible, since it was reduced below
relative machine precision (compared to the other terms).

4.2 Simplified third order scheme

In this subsection, we present a simplified third order method for solving the IVP
(2.11). The basis for this method is the observation that the inability to achieve the
originally desired error order for the approximations of M5 and M3 in Section 3 was
due to the presence of non-oscillatory integrals in the computations. Indeed, itis evident
from Subsection 3.2 that the approximation of the non-oscillatory integral J; in (3.14)
constrains the maximum achievable error order (w.r.t. £) for the approximation of Mj
to O(e). Consequently, this implies that the maximum achievable error order (w.r.t.
¢) for any numerical scheme resulting from this approximation is O(e?). Given this
unavoidable constraint, it seems unnecessary and superfluous to approximate the other
terms with higher accuracy. Thus, we may want to weaken several approximations from
Section 3 in order to derive a simplified scheme, which remains third order w.r.t. &,
while still yielding the same asymptotic accuracy as the third order scheme (4.2)-(4.3),
i.e., O(g?) as ¢ — 0. This can be achieved as follows:

Step 1 (approximation of M{ in (3.3)): Instead of Q?’3, we shall use Q%‘3 to
213
h

approximate Mj. This incurs an error of order O ;(s“h” min(e, h)) (instead of
(’)g,h(83h3 min(e, h))), see Lemma 3.2.

Step 2 (approximation of M in (3.3)): To approximate M3, we shall use a sim-

plified quadrature Q2 s;mp (instead of Q2), which can be derived by inserting Q}’z
(instead of Q%’z) as an approximation for M{ in (3.11). The non-oscillatory integrals
that then occur are again approximated applying Simpson’s rule, and the oscillatory
integrals are all approximated with an error order O, n(eh® min(e, b)) (instead of
Og,h(82h3 min(e, h))), using only SAM steps.

Step 3 (approximation of M in (3.3)): To approximate M, we shall use a simpli-
fied quadrature Q3 si;mp (instead of Q3), which can be derived as follows: First, by

inserting Q(l)’1 (instead of Qi’l) as an approximation for M3 in (3.11), we derive
with only one SAM step an approximation Q2 sy of Mi, with an error order
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O (h2 min(e, h)). Then, by inserting (~)2,s,-mp in (3.29), one obtains an oscilla-
tory integral that can be approximated using only SAM steps with an error order
Oc.n (h3 min(e, h)). This yields the quadrature Q3 gjmp-

We stress that the implementation and analysis of Steps 2 and 3 is fully straightfor-
ward and very similar to the computations in Subsections 3.2 and 3.3, while Step 1 is
trivial. The resulting quadratures Q3 sip and Q3 simp, along with their corresponding
error estimates, are provided by the following lemma:

Lemma 4.4 Let Hypothesis A be satisfied and define

2
02 5imp(n, &) 1= —ieQs[bbol(n, §) — &2bo(&)bo(n)h <_gsn)
2
—ie [bo(n) (b1 () — 2b2(n)sn) — bo(&)b1 ()] ha (—gsn>
2
+ &t [bz(n) (bo(&) + bo(n)) — bl(n)z] h3 (_gsn) , (4.15)

2i 2 . 2
O35imp (1, ) 1= =27+ ?© by ()? <82snh2 (gsn> +iedh; (Esn>> (4.16)

and

Q2,5imp(M, §) 0 ) , 4.17)

Q25imp(n, §) 1= ( 0 m

, R 0 Q3,simp(777 E)
Q3,slmp(77s E) = <Q3,simp(777 %_) 0 ’ . (418)

Then, there exists a generic constant C > 0 independent of ¢ € (0, &¢l, h, and n such
that

IM5(17, §) — Q2,5imp (1, E) oo < Ceh*, (4.19)

IM5(17, &) — Q3.5imp (1, E) oo < Ch* min(e, h) . (4.20)

The resulting simplified third order scheme then reads: Let A" := le’3 (Xna1s Xn)s
A%,Simp = 82Q2.simp(xn+lvxﬂ)’ and Az’”mpl = 83Q3,simp (-xl’l-i-lv _Xn). Given the initial

value Zy, we define
Tyt = (I S+ ALSTmP | AZsimp A,i“”"””) Zn, n=0,... N—1. (421)

The simplified method (4.21) and (4.3) satisfies the following global error estimate,
which can be proven analogously to Theorem 4.1:
Theorem 4.5 Let Hypothesis A be satisfied. Let Z and U be the exact solutions of
the IVPs (2.11) and (2.9), respectively. Then, for Z,, and U, being computed through
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the scheme (4.21) and (4.3), there exists a generic constant C > 0 independent of
e € (0, &ol, h, and n such that

1Z(xn) = Znlloo < C®h*, n=0,...,N, (4.22)

U (xn) = Uplloo < Ce°h®, n=0,...,N. (4.23)

When comparing estimates (4.22)-(4.23) with estimates (4.4)-(4.5) for the scheme
(4.2)-(4.3), we observe that the downside of using the simplified scheme (4.21) and
(4.3) is the loss of the O(max (e, h)) factor. Indeed, while both methods have the same
asymptotical (w.r.t. ¢) as well as numerical (w.r.t. ) order, this factor might still be
beneficial, recalling that both parameters ¢ and & are small. Further, we note that, in
case of a numerically computed phase, Theorem 4.5 can be generalized analogously
to Theorem 4.3. That is, by using the same strategy as in Subsection 4.1, we have the
following error estimates for the simplified scheme including an approximated phase:

1Z i) = Zulloo < Ceh?
+ Ce[min(e, E) + e(E'+ E")] , n=0,....,N, (424)

5 E 3,3
U (x) — Unlleo < C; +Ce’h
+ Ce[min(e, E) +e(E'+ E")] , n=0,...,N. (425

5 Numerical results

In this section, we present and compare numerical results by applying the novel
schemes from Section 4 to exemplary IVPs. Since a large part of the development
of the two presented third order schemes (4.2)-(4.3) and (4.21), (4.3) was based on the
strategies from [6], we shall also include their second order method into our compar-
ison. This will also illustrate the efficiency gain of the new third order methods over
the second order method from [6].

For clarity of the presentation, we shall in the following denote with WKB3 the
third order scheme (4.2)-(4.3), and with WKB3s the simplified third order scheme
(4.21) and (4.3). Further, we denote with WKB2 the second order method from [6],
which yields global errors (w.r.t. the U-variable) of order O, ,(¢3h?), provided that
the phase (2.7) is explicitly available. We note that a single step of each of these three
methods involves a different number of computational operations as well as function
evaluations. Hence, it is not clear a priori which of the three methods is the most
efficient. We shall thus assess the overall efficiency of each method by comparing
respective work-precision diagrams.

All computations here are carried out using MATLAB version 23.2.0.2459199
(R2023b). Moreover, for the results of Figs. 3 and 4, which involve very small
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approximation errors, we used the Advanpix Multiprecision Computing Toolbox for
MATLAB [1] with quadruple-precision to avoid rounding errors. We note that this
increases the computational times when compared to using the standard double-
precision arithmetic of MATLAB.

5.1 First example: airy equation

For the Airy equation, i.e., with a(x) = x, we consider the following IVP:

29" (x) + xp(x) =0, x€[l,2],
p(1) = Ai(— o) +iBi(— 7). .1)
g/ (1) = —e!/3 (Ai’(—#) + iBi’(—#)) .

Here, the exact solution is given by
., X X
@exact (x) = Al(—m) + lBl(—m) )

where Ai and Bi denote the Airy functions of first and second kind, respectively (e.g.,
see [24, Chap. 9], [17, Sec. 5.1]). Here, the phase (2.7) is exactly computable.

Let us first investigate the convergence results from Theorems 4.1 and 4.5. In
Fig. 1, we plot the global error max,<y||U(x;) — Uy, |loc as a function of the step
size h, for several values of ¢. The left plot shows the error for WKB3 (solid lines
with asterisks) and WKB3s (dashed lines with circles), and the right plot shows the
error for WKB2. As indicated by the dashed black line in the left plot, the error for
WKB3 and WKB3s clearly decays like O(h?), in accordance with the third order
estimates (4.5) and (4.23). For small step sizes s and ¢ = 273,27 the error saturates
at approximately 10~* due to rounding errors. Further, for a fixed step size A, the error
for all three methods decreases with ¢, demonstrating the ¢-asymptotical correctness

100 100
= 2
£ 10 £ 108
s s
| |
=) 5
Tf\ -10 U\ 10
{10 210
g !
g g
107° : : 10715 ‘ |
10°° 1072 1071 10° 107 102 107 10°
h h

Fig. 1 Global errors max, <y [|[U (xp) — Uy |lcc for the Airy equation (5.1) as functions of the step size h,
for several e-values. Left: WKB3 (solid lines with asterisks) and WKB3s (dashed lines with circles). Right:
WKB2
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of each method. According to estimate (4.5), we expect the error for WKB3 to behave
here like O(g*), since no shown error curve decays like O(h*), suggesting that the
O¢.n(max(e, h)) factor in (4.5) is equal to O(e) for the shown & values. Further,
estimate (4.23) suggests that the error for WKB3s decreases like O(e3), which is
also the expected error behavior of WKB2, according to [6]. However, Fig. 1 reveals
that the error for each method shows an ¢ order that is 0.3-0.9 higher than expected
theoretically. This is due to the oscillatory behavior of the consistency error of each
method, which leads to cancellation effects in successive integration steps. Indeed,
this phenomenon was already observed and analyzed in [6, §3.3] and appears in all
figures of the present paper.

Figure 2 contains work-precision diagrams, which correspond to the computations
from Fig. 1. That is, CPU times (measured in seconds) are plotted against the global
errors, resulting from using the different step sizes h. Clearly, in the same amount
of time, WKB3 and WKB3s both reach much smaller global errors, when compared
to WKB2. For instance, with a CPU time of approximately 1073 s, the global errors
using WKB3 or WKB3s lie between 10~ 14_1013 and 1073 for the different e-values,
whereas the errors lie between 107! and 1077 -107¢ when using WKB2. Vice versa,
to reach a fixed accuracy, WKB3 and WKB3s need significantly less CPU time than
WKB2. For example, to produce a global error of approximately 10~8 for ¢ = 272,
WKB3 and WKB3s need approximately 1073 s, whereas WKB2 needs around 5- 1073
s. The time difference is even larger when considering smaller values of €: e.g., to reach
an accuracy of approximately 10™13 for ¢ = 27, WKB3 and WKB3s need around
6 - 10™* and 1073 s, respectively. By contrast, the computational time to reach the
same accuracy with WKB2 is around 1072 s. Hence, we conclude from Fig. 2 that
WKB3 and WKB3s are both more efficient than WKB2 (for this example), with CPU
times being smaller up to a factor of ten. The difference between WKB3 and WKB3s
is not so obvious: Indeed, for ¢ = 272 and 273, we conclude from the left plot of
Fig. 2 that WKB3s needs less time to reach the same accuracy as WKB3. However,
for the smaller values ¢ = 27% and ¢ = 275, WKB3 becomes more efficient.

1072 1072
= =
(5] (5]
g g
= =
o 107 o 1070
Ay [a M
O O

104t ‘ 10

10718 10712 1079 106 1078 10715 10712 107 106 107
global error global error

Fig. 2 CPU times vs. global errors max, <y ||U (xy) — Uy |loo for the Airy equation (5.1) on the spatial
interval [1, 2], for several e-values. Left: WKB3 (solid lines with asterisks) and WKB3s (dashed lines with
circles). Right: WKB2
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U, = U(za)l

max,<y

Fig. 3 Global errors max, <y ||U (xp) — Upllco for the Airy equation (5.1) on the spatial interval [1, 2]
as a function of the step size h, for several e-values. Left: WKB3 (solid lines with asterisks) and WKB3s
(dashed lines with circles). Right: WKB2

In Figs. 3 and 4, analogous plots are shown for much smaller values of . According
to the convergence plot on the left of Fig. 3, when ¢ < A, the error for WKB3 even
decreases like O(h4), e.g., for e = 107%,1075,107°, as indicated by the bottom
dashed black line. This behavior agrees well with estimate (4.5), see also Remark 4.2.
Indeed, the O, j,(max (e, h)) factor from estimate (4.5) is equal to O(h) in these cases.
Hence, for large step sizes &, we cannot expect an O(¢*) error behavior for WKB3
anymore (as in Fig. 1). Instead, we observe that (e.g., for 7 = 1) the error for WKB3,
WKB3s, and WKB2 (see the right plot) roughly decreases like O(¢?). This is in good
agreement with estimates (4.5) and (4.23).

In the work-precision diagrams of Fig. 4, one can clearly observe that WKB3
and WKB3s are again more efficient than WKB2. For example, with a CPU time of

102 102
10 ¢ 10'
= =
g ()
£ 100¢ £ 100
) =) \
a9 Ay
O O %
107 107
1072 1072
1022 1028 102 1020 107'® 1072 10°® 1022 1028 102* 1020 1076 1072 108
global error global error

Fig. 4 CPU times vs. global errors max,, <y ||U (x;) — Unllco for the Airy equation (5.1) on the spatial
interval [1, 2] as a function of the step size A, for several e-values. Left: WKB3 (solid lines with asterisks)
and WKB3s (dashed lines with circles). Right: WKB2
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approximately 3 s, the global errors for the different & values lie between 10~%° and
10~13-10~"'% when using WKB3 and WKB3s, whereas they lie between 102> and
10~ when using WKB2. Moreover, we observe also a big difference between WKB3
and WKB3s for ¢ = 1072, 1073, 10~%, 107> Indeed, for each of these ¢ values, and
rather small global errors (incurred by small step sizes &), WKB3 needs significantly
less CPU time than WKB3s. This is due to the O (h*) behavior of the error for WKB3
in these cases. Vice versa, for a fixed accuracy, the difference between the needed CPU
times for WKB3, WKB3s, and WKB?2 is very large. For instance, for ¢ = 10~* and a
global error of approximately 102!, the CPU times for WKB3, WKB3s, and WKB2
are approximately 1.5 s, 8 s, and 60 s, respectively. Hence, for the same accuracy,
WKB3 is faster up to a factor of 40, when compared to WKB2.

Next, let us investigate numerically the estimates (4.14) and (4.25). To this end,
we compute in the following the phase (2.7) numerically (even though it is exactly
computable for this example) and investigate results obtained with WKB3 and WKB3s.
In Fig. 5, we show on the left the global error of WKB3 and WKB3s when using the
composite Simpson rule to compute the approximate phase ¢. Note that this implies
o — ¢~>||Loo(1) = O(h*). Indeed, for ¢ = 274,275,27% and 1 > 1072, the error
curves for WKB3 and WKB3s behave like the first error term in (4.14) and (4.25),
respectively, i.e., like (’)E,h(h4/8) due to Simpson’s rule, as indicated by the lower
dashed black line. For 4 = 1 and ¢ < 273, we even observe an inversion of all error
curves for WKB3 and WKB3s, i.e., the error increases with €. However, for small step
sizes and large ¢ (e.g., h < 107! and e = 2_3), the second error term in the estimates
(4.14) and (4.25) becomes dominant. Indeed, as indicated by the upper dashed black
line, the error curves for both methods are clearly third order. Further, in this case,
the inversion of the error curves w.r.t. ¢ disappears. Moreover, for small values of
ecand h (e.g., ¢ < 2% and h = 10_3), the error curves reach a saturation level at
approximately 1071%-10713 due to rounding errors.

0 0
10 e 10 P
—%—e=273 e=273
e=2"1 -7 e=2"1
8 —x—e=2"° : e=27"
= —%—e=27"° _ e=2"
B o10°F s
IS
I
=
-
\é‘ 10-10
g 4
=}
k|
==
7
10715 | ‘ ‘ ‘
1078 1072 107! 10° 107 1072 107! 100
h h

Fig. 5 Global errors max, <y ||U (xp) — Uplloo for the Airy equation (5.1) on the spatial interval [1, 2]
as a function of the step size &, for several e-values. The solid lines with asterisks correspond to WKB3,
and the dashed lines with circles correspond to WKB3s. Here, we used an approximate phase ¢ computed
with two different methods: Left: composite Simpson’s rule. Right: Clenshaw-Curtis algorithm based on
Necnep = 17 Chebyshev grid points, with barycentric interpolation
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For the right plot of Fig. 5, we computed the approximate phase ¢ with a spectral
method, as already used in [8]. That is, we use the well-known Clenshaw-Curtis
algorithm [12] to approximate the phase (2.7) on a Chebyshev grid for the whole
interval [1, 2] with N.j., = 17 points and then use barycentric interpolation (e.g.,
see [9]) to obtain the approximate phase ¢ at the uniform grid which is used for
the WKB schemes. We note that, using this method, the phase is approximated to
machine precision. Indeed, we observe in the right plot of Fig. 5 that the first error
term in the estimates (4.14) and (4.25) is numerically invisible, as the entire plot is
almost indistinguishable from the left plot of Fig. 1, where the exact phase was used.

5.2 Comparison with results from program riccati

Next, we shall compare the performance of our two schemes from Section 4 with the
program riccati, which is based on the Riccati defect correction method from [3].
We used its Python implementation, version 1.1.3 [2].2 While the WKB schemes
from Section 4 solve (2.1) on a user-defined grid, riccati is a sophisticated adaptive
solver that couples a Riccati phase function solution in oscillatory regions with a
spectral method for smooth regions. riccati first solves the ODE on a course
grid that is adaptively chosen, depending on a user-defined error tolerance eps. In a
second phase called dense output [5], the numerical solution can then be evaluated by
interpolation on a desired grid. Given these conceptual differences between the two
schemes, an “objective” efficiency comparison is delicate. For our tests, we made the
following set up choices: To be able to compare the errors on the same grid, we used
the dense output option of riccati to evaluate its solution a posteriori on the same
grid as used in the WKB method. Moreover, we use three different tolerances eps for
riccati in the following tests. In contrast to Section 5.1, here we present the error
of the wave function ¢, as this is the output of riccati 1.1.3.

As a first test, we consider again the IVP (5.1) on the interval [1, 2]. Thus, the
work-precision diagram for WKB3 and WKB3s in Fig. 6 is an extension of the left
plot in Fig. 2, but now we include four additional (small) values of ¢. Like for Fig.2,
the results for WKB3 and WKB3s are produced by prescribing different step sizes
h € [10_3, 1]. As the two methods considered here are structurally very different,
their efficiency results in Fig. 6 look very different. While riccati always needed a
CPU time of at least 1073 s, even for a low tolerance of 10~° (not shown here), coarse
discretizations within WKB3 often led to times between 10~ s and 1073 s. For
riccati, the CPU times appear to be quite independent of the output density in this
example. For the WKB3 method, the error decays with ¢ — 0 initially, i.e., for (fixed)
coarse meshes and hence small execution times. However, for (fixed) fine meshes (and
hence small errors), this ordering is reversed in both WKB3 and riccati: The error
grows with ¢ — 0. This is apparently due to saturation in the roundoff errors and the
bad conditioning of evaluating highly oscillatory functions, see the discussion in §4

2 Downloaded from https://github.com/fruzsinaagocs/riccati

@ Springer


https://github.com/fruzsinaagocs/riccati

23 Page 30 of 35 A. Arnold and J. Korner

-2 -2
10 10 P
i —k—e=2"%
* e=2"*
¥ —%—e=27
= = —r—e=2"
g g e=27
=] ~ = — =28
£ 1073 = 10° Achck o
104 L 107 ‘ ‘
1071% 1071% 10710 10
global error global error
102 EoE—— 102 o E——
—%—e=27° 4 e=293
e=2" e=271
—%—e=27° % e=29
= —k—e=2"° = * —%—e=2"¢
) e=27" Y e=27"
g R —%—e=2"8 =] — =28
B 1073 v e 2 103 ek o
=) e =910 =} — k=210
S S
104t 107
107° 1070 10° 107° 10710 10°

global error global error

Fig. 6 CPU times vs. global errors max, <y l¢(xn) — ¢nlloo for the Airy equation (5.1) on the spatial
interval [1, 2], for several e-values. Top left: WKB3 (solid lines with asterisks) and WKB3s (dashed lines

with circles). Top right, bottom left and right: riccati witheps = 107!, eps = 10712, eps = 10713

of [3].% To sum up, let us compare the results of WKB3 with those of riccati with
tolerance eps set to 10713 Fore small,i.e., e = 2_10, 2_9, 2_8, WKB3 can reach the
same (and sometimes even higher) accuracy as riccati, but a bit faster. Moreover,
WKB3s tends to be slightly faster than WKB3. For ¢ larger, riccati is faster.

As a second test, we consider the IVP from (5.1) on the interval [1, 100]. While
the work-precision diagram for WKB3 and WKB3s behaves qualitatively as for the
interval [1, 2], see Fig. 7, the dense output of riccati now dominates the CPU time
for fine grids. This explains the vertical lines in the second to forth panel of Fig.7. As
before, let us compare the results of WKB3 with those of riccati with tolerance
eps set to 10~ 13: For the smallest value of ¢, i.e., 278, the accuracy obtained with
WKB3 on a course grid is slightly better and the CPU time is slightly shorter than
with riccati. For e = 277, the results of both methods are almost the same when
using the second coarsest grid for WKB3. Again, WKB3s tends to be a bit faster than
WKB3, but often is a bit less accurate. For larger values of ¢, riccati is clearly
faster than WKB3, while also yielding smaller errors.

3 Since the MATLAB implementation of the Airy function, appearing here as the exact reference solution,
is quite inaccurate for large arguments, we replace it there by its series representation, see Remark 5.2 in

[17] for details.
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Fig. 7 CPU times vs. global errors max, <y l¢(xn) — ¢nlloo for the Airy equation (5.1) on the spatial
interval [1, 100], for several ¢ values. Top left: WKB3 (solid lines with asterisks) and WKB3s (dashed lines
with circles). Top right, bottom left and right: riccati witheps = 10~ eps = 10~12, eps = 10!

To conclude, the efficiency advantages of the two compared methods depend very
much on the concrete situation, but for larger values of ¢, riccati is clearly more
efficient.

5.3 Second example

As a second example, let us consider the following IVP:

e29"(x) + e p(x) =0, xel0,1],
p0) =1, (5.2)
0’ (0)=0.

Here, the exact solution is given by*

Jo (2e?) v (%) — Yo (2e¥?) (%&)

&

QYexact (X) = Y, (%E) 7o (%) _ <%§) Y, (%) s (5.3)

4 We computed the exact solution by using the Symbolic Math Toolbox of MATLAB.
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Fig.8 Global errors max, <y ||U (xn) — Up|lco for the IVP (5.2) as functions of the step size &, for several
& values. Left: WKB3 (solid lines with asterisks) and WKB3s (dashed lines with circles). Right: WKB2

where J,, and Y, denote the Bessel functions of first and second kind of order v,
respectively (e.g., see [24, Chap. 10]). Again the phase (2.7) is exactly computable
here.

In Fig. 8, we plot again the global error max,<y||U (x,) — Uy ||« as a function of
the step size &, for several ¢ values. The left plot shows the results for WKB3 and
WKB3s, and the right plot shows the results for WKB2. The dashed black line in the
left plot confirms the third order estimates (4.5) and (4.23), as the error for WKB3
and WKB3s clearly decays like O (k). For small values of 4 and small values of &
(e.g., h < 1072 and & = 27), the error curves include rounding errors, due to the
used double precision arithmetic. Moreover, when using the step size 1 = 1, the error
for WKB3 is (9(84), whereas the error for WKB3s is O(&3). This is again due to the
O, n(max(g, h)) factor in estimate (4.5), which, for the shown ¢ values, yields an O(¢)
factor.

Figure 9 shows work-precision diagrams, which correspond to the computations
from Fig. 8. We observe that, in the same amount of time, WKB3 and WKB3s both

—%—e=2"2 % =292

2 —%—e=273 5 c—o3
10 S 10 o
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—%—e=270 g9
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1071® 10710 10° 101 10710 10°
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Fig.9 CPU times vs. global errors max, <y ||U (xp) — Uy |loo for the IVP (5.2), for several ¢ values. Left:
WKB3 (solid lines with asterisks) and WKB3s (dashed lines with circles). Right: WKB2
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yield much smaller global errors than WKB2. For example, with a CPU time of
approximately 1073-1.5-1073 s, the global errors for WKB3 and WKB3s are between
10~ and 5 - 107! for the different e-values. In contrast, the errors for WKB2 lie
between 10713 and 5 - 1077, Vice versa, in order to attain a fixed accuracy, WKB3
and WKB3s need significantly less CPU time, when compared to WKB2. This can be
observed, e.g., for ¢ = 272 and an accuracy of approximately 10~'0: Then, WKB3 and
WKB3s both need less than 1073 s, whereas WKB2 needs approximately 5 - 1072 s.
This time difference is even larger for smaller values of . We conclude from Fig. 9 that
WKB3 and WKB3s are more efficient than WKB2 (in the present example). Similar
to the previous example, the difference between WKB3 and WKB3s is not so obvious
here. Indeed, we observe on the left of Fig. 9 that the blue curves for ¢ = 272 are
almost identical. But for ¢ = 27* and a global error of approximately 3 - 10712, the
CPU time for WKB3 is 4 - 10~* s, whereas the CPU time for WKB3s is 6 - 1074 .
Overall, we conclude that the efficiency difference between WKB3 and WKB3s is
small for this example. However, for a given accuracy and small ¢ values, WKB3
tends to be faster than WKB3s.

Next, we compute for the schemes WKB3 and WKB3s the phase (2.7) numeri-
cally in two ways and investigate the estimates (4.14) and (4.25). For this, we shall
again apply the composite Simpson rule as well as the Clenshaw-Curtis algorithm
along with barycentric interpolation. In Fig. 10, we show on the left the global error
max,<py||U (x,) — Uy |loo for WKB3 and WKB3s as a function of the step size when
using Simpson’s rule. We observe that for both methods, the first error term in (4.14)
and (4.25), i.e., the O, (/’l4/8) term, dominates for ¢ < 272 and all used step sizes h.
Indeed, this is indicated by the dashed black line that decays like O(h*). For e = 272,
however, this error term merely dominates for step sizes 1 > 10~!. Indeed, when
using smaller step sizes, i.e., h < 10!, the error for ¢ = 272 behaves like O(h3)
for both methods. Note also that for 7 = 1, we can observe again an inversion of the
shown error curves w.r.t. ¢, when compared to the left plot of Fig. 8.
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Fig. 10 Global errors max, <y [|U (xn) — Uplloo for the IVP (5.2) as a function of the step size h, for
several ¢ values. The solid lines with asterisks correspond to WKB3, and the dashed lines with circles
correspond to WKB3s. Here, we used an approximate phase ¢ computed with two different methods: Left:
composite Simpson’s rule. Right: Clenshaw-Curtis algorithm based on N.j.p = 17 Chebyshev grid points,
with barycentric interpolation
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On the right of Fig. 10, we show the errors for WKB3 and WKB3s when the phase
is obtained with the spectral method. As indicated by the dashed black line, the first
error term in (4.14) and (4.25) is essentially eliminated. The error curves for both
methods are clearly third order, and the entire plot is very similar to the left plot of
Fig. 8.

6 Conclusion

In this paper, we developed a third order one-step method to efficiently compute
solutions to the highly oscillatory 1D Schrédinger equation (1.1), and we derived
theoretically sound error estimates for it. The method is based on the WKB trans-
formation from [6], which was already used there for the development of a first and
second order scheme. Like those two previous methods, the presented method has the
property of asymptotical correctness w.r.t. the small parameter ¢ in case of an explic-
itly computable phase. Additionally, in scenarios where ¢ < A (with & being the grid
size), the error decays even like Oh*).

In efficiency comparisons with the program riccati [2, 3], we found that the
WKB3-marching method has slight advantages w.r.t. accuracy and/or runtime for very
small values of ¢, while riccati is clearly more efficient for larger ¢.

In this paper, the step size 7 in WKB3 was treated as an input parameter. The
extension to an adaptive step size control, as in [4, 17], and dense output (e.g., based
on linear interpolation of the Z-function from (2.11) or interpolation/extrapolation of
the ¢ (x,) with the WKB-function ¢}’ X% from (2.6)) will be left for future work.
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